Seasonal variations in freezing tolerance, water content, water and osmotic potential, and levels of soluble sugars of leaves of field-grown Valencia orange (Citrus sinensis) trees were studied to determine the ability of citrus trees to cold acclimate under natural conditions. Controlled environmental studies of young potted citrus trees, spinach (Spinacia pleracea), and petunia (Petunia hybrids) were carried out to study the water relations during cold acclimation under less variable conditions. During the coolest weeks of the winter, leaf water content and osmotic potential of field-grown trees decreased about 20 to 25%, while soluble sugars increased by 100%. At the same time, freezing tolerance increased from lethal temperature for 50% (LTso) of -2.8 to -3.80C. In contrast, citrus leaves cold acclimated at a constant 100C in growth chambers were freezing tolerant to about -60C. The calculated freezing induced cellular dehydration at the LT5o remained relatively constant for field-grown leaves throughout the year, but increased for leaves of plants cold acclimated at 100C in a controlled environment. Spinach leaves cold acclimated at 50C tolerated increased cellular dehydration compared to nonacclimated leaves. Cold acclimated petunia leaves increased in freezing tolerance by decreasing osmotic potential, but had no capacity to change cellular dehydration sensitivity. The result suggest that two cold acclimation mechanisms are involved in both citrus and spinach leaves and only one in petunia leaves. The common mechanism in all three species tested was a minor increase in tolerance (about -10C) resulting from low temperature induced osmotic adjustment, and the second in citrus and spinach was a noncolligative mechanism that increased the cellular resistance to freeze hydration.
out the year, but increased for leaves of plants cold acclimated at 100C in a controlled environment. Spinach leaves cold acclimated at 50C tolerated increased cellular dehydration compared to nonacclimated leaves. Cold acclimated petunia leaves increased in freezing tolerance by decreasing osmotic potential, but had no capacity to change cellular dehydration sensitivity. The result suggest that two cold acclimation mechanisms are involved in both citrus and spinach leaves and only one in petunia leaves. The common mechanism in all three species tested was a minor increase in tolerance (about -10C) resulting from low temperature induced osmotic adjustment, and the second in citrus and spinach was a noncolligative mechanism that increased the cellular resistance to freeze hydration.
During extracellular freezing, ice first forms in the dilute apoplastic solution and a water potential gradient is established between the extracellular ice crystal and the intracellular liquid water. The lower water potential of ice as compared to that of liquid cellular water at the same temperature will cause liquid water to move from the cell to the extracellular ice (19) . This process, depending on the temperature and concentration of the cell sap imposes a dehydration stress 'Part of this work was supported by a U.S. Department of Agriculture competitive research grant 85-CRCR-1-1649. University of Florida Agricultural Experiment Station Technical paper 8889.
on the cell. When the cellular water potential of the partially dehydrated cell equals that of the extracellular ice, an equilibrium is established and further dehydration will not occur provided the temperature remains constant (15, 23) . If the temperature further declines or increases, water will flow out of or back into the cell. During such equilibrium freezing a tissue can behave either as an ideal solution or as a nonideal solution (15, 23) . In nonideal equilibrium freezing, negative wall pressure is believed to reduce the degree of cell dehydration and solute concentration (23) . Recently, Hansen and Beck ( 15) presented evidence for reduction of cellular dehydration by negative wall pressures during equilibrium freezing in barley leaves.
Alternatively, decreasing the osmotic potential of the cell, by osmotic adjustment, prior to freezing will reduce the extent of cellular dehydration at a given high subzero temperature (17, 18) . The reduction of cellular dehydration will be directly proportional to the decrease in osmotic potential. However, the freezing of the tissue water must approximate the freezing of water of an ideal solution to accurately estimate the degree of cellular dehydration at a given subzero temperature and osmotic potential (15) . Several NMR studies have shown that the water of plant tissues freezes in a manner consistent with that of an ideal solution (3, 9, 16 ), but one study of Citrus sinensis demonstrated a significant deviation from ideality (1) .
Many temperate and subtropical species exhibit limited tolerance to extracellular freezing following cold acclimation at low-nonfreezing temperatures (19) . The most sensitive species have little freezing tolerance (LT502 -2°C) and no significant capacity to undergo cold acclimation (3, 34) . More hardy species have modest freezing tolerance (LT5o -3 to -6°C) and some capacity to increase freezing tolerance during cold acclimation (1, 3, 10, 12, 22) . For example, the commercially important sweet orange, C. sinensis, has the ability to increase in freezing tolerance during cold acclimation. Under the most favorable hardening conditions in controlled environments, the leaftissue of C. sinensis can increase about 4°C in tolerance to extracellular freezing from an LT5o of -3°C to an LT5o of -7°C (10, 31) . Under less favorable coldacclimating conditions, typical of field-grown trees in Florida, leaf hardiness increases may be limited to about 2°C or less (36) .
The relatively small increase in freezing tolerance of (2-4°C) following cold acclimation of many species, of which C. sinensis is one example, suggests that osmotic adjustment could be a major factor in the increased hardiness (12, 18, 22) . It is well documented, for many plants, that tissue water content decreases while soluble carbohydrates, proline, polyamines, and other soluble solutes increase in concentration during cold acclimation (19, 21) . Further support for an osmotic adjustment hypothesis in citrus comes from observations that leaf tissue osmotic potential of lemon was higher than the more hardy orange which was higher than the most hardy kumquat (14) . Moreover, the seasonal variation in osmotic potential ofcitrus leaves could be accounted for solely by changes in water and soluble sugar content (36) .
The objectives of this study were to determine the relationships between leaf freezing tolerance and osmotic potential of three widely unrelated species: valencia orange, spinach, and petunia. We report data that clearly demonstrates the limited freezing tolerances ofpetunia and field-grown citrus leaftissue were a function of osmotic potential, while leaf tissue from citrus and spinach cold acclimated in a controlled environment were able to alter their sensitivity to freezing induced cellular dehydration. (31) . Spinach seedlings (Spinacia oleracea L.) were grown from seed as described previously (12) . Petunias (Petunia x hybrida Vilm., "white dancer" Ball Seed Co.)3 were grown from seed at 25°C for 4 weeks under a 16 h photoperiod with a PFD of 183 Amolm-2.s' at plant height.
MATERIALS AND METHODS

Plant
Cold Acclimation and Freezing Tolerance
Greenhouse-grown citrus trees were cold acclimated at a constant 10°C for 4 to 5 weeks in controlled environment chambers as described by Yelenosky (31) . Trees remaining in the greenhouse at 20 to 25°C served as nonacclimated controls. Field-grown trees were exposed to ambient temperatures ( Fig. 1 ) and naturally cold acclimated and deacclimated. Spinach and petunia seedlings were cold acclimated at a constant 5°C with a 12 h photoperiod in a controlled environment chamber (12) . Nonacclimated seedlings were maintained at 25°C with a 12 h photoperiod. Determination of freezing tolerance of artificially nonacclimated and cold acclimated citrus trees was carried out as described before (32) . Leaves of field-grown citrus trees were misted with water, placed in polyethylene film, and cooled at a rate of 1.1 C/2 h. Ice nucleation at -2°C in each leaf was visually verified before the temperature was decreased. Leaf samples were taken at 1.1°C intervals and allowed to thaw at 4°C overnight. Injury was determined by visual observation of permanent water soaking and loss of turgidity and electrolyte leakage tests (1, 12) . Spinach and petunia leaf freezing tolerance was measured as described previously (12) .
Tissue Analyses
Leaf samples of field-grown trees consisted of 15 mature leaves picked from each cardinal side of the tree. All samples were collected before sunrise, placed in plastic bags with moist paper toweling on ice and transported to the laboratory for analyses. Leaves were lightly sponged to remove fungal and normal debris from the surface of the tissue and blotted dry. Tissue water content, proline, reducing sugar, and sucrose content were determined as reported previously (32, 35) . Predawn leaf xylem pressure potential was determined by the pressure bomb technique (33) and osmotic potential of total expressed sap was measured by freezing-point osmometry. Cell sap for osmometry was obtained from leaf tissue frozen in dry ice, crushed, and subsequently expressed with 2 metric tons of pressure immediately upon thawing. Spinach and petunia leaf cell sap osmotic potential was determined in a similar fashion to that of citrus leaves except measurements were made with a Wescor vapor-pressure osmometer. Turgor potential was estimated by subtraction of osmotic potential from water potential.
Calculation of Cellular Dehydration
Cellular dehydration was estimated by Equations 1 and 2 utilizing osmotic potential of LT5o data or other freezing temperatures. The equations are modifications ofa previously described relationship ofthe freezing of tissue water (9) 
RESULTS AND DISCUSSION
Freezing Tolerance
The leaves of field-grown valencia orange trees exhibited little seasonal variation in tolerance to extracellular freezing during the winter of 1978-1979. Table I shows the leaves were able to increase in freezing tolerance by only 1°C. The LTsos for nonacclimated leaves averaged about -2.8 ± 0.2°C, while leaves sampled during the coolest time of the year in January and February reached an LT50 of-3.8°C. Past studies have shown valencia orange leaves can increase freezing tolerance by about 2 to 4C when cold acclimated in controlled environments (10, 31) . Thus, while it appears the leaves of the field-grown trees did show, a small but significant increase in freezing tolerance, they did not reach their full hardiness potential. We believe the lack of freezing tolerance increase in field-grown trees can be attributed to the less than optimal temperatures for cold acclimation (Fig. 1 (27) . In that study, osmotic potential was determined by a different method, the pressure-volume technique of Cheung et al. (4) . We cannot readily explain why no seasonal variation in osmotic potential was observed in the earlier study, but can only speculate that the different techniques used in the two studies account for the contrasting observations. In support of our observations of decreased osmotic potential in winter, soluble sugars also increased during the winter. HPLC analysis of leaf extracts have shown that sucrose was the major free sugar with glucose and fructose present in lesser amounts. These three sugars make up about 98% of the total free sugars in citrus leaf tissue (data not shown). The concentrations of sucrose and glucose + fructose during the winter were approximately twice the minimum summer concentrations (Table I) . When the effects of the winter reductions in water content and increases in soluble sugars on osmotic potential were estimated, the difference in leaf osmotic potential between summer and winter could be fully accounted for by the changes in water and soluble sugars (36) . Cold acclimation of Fragaria also caused an accumulation of soluble carbohydrates and decreased osmotic potential (22) . With the increase in sugars and decrease in water content, the lower osmotic potentials observed during winter appear to be a variation on an osmotic adjustment theme (22) .
When the cellular dehydration was estimated at the LT50 (Eqs. 1 and 2) for each sampling date, it appeared that the minor seasonal changes in freezing tolerance were associated with a slight alteration of cellular dehydration sensitivity (Table II) . Most of the calculated values clustered around the 60% mark with an overall mean ± SD of 61 ± 3.6. This outcome suggested that the small degree of freezing tolerance gained in the winter by field-grown trees could be largely explained by the increased osmotic potential of the cells (18) . This of course assumes that citrus leaf tissue freezes as an ideal solution. Documentation has already been provided by Anderson et al. (1) that the freezing ofcitrus leaftissue showed an extreme deviation from ideality. Unfortunately, we were not able to determine the behavior of freezing in citrus leaves in this study. However, if the freezing of citrus leaf tissue in the temperature range surrounding the LT50 deviated from ideality, then our estimated dehydration values are likely to contain a large error and may be much higher than true dehydration values. On the other hand, if freezing deviated greatly from ideality it might be expected that the estimated dehydration values would not tightly cluster around a single value as the osmotic potential changed, but would show large variation. Only on four dates did the percent dehydration fall outside the standard deviation of the overall mean. This suggests to us that either freezing approximated ideality or that the nonideality factors did not vary seasonally, and therefore, we only detected the effects of changes in the Table I . ns, Not significant; *, P < 0.001; *, P < 0.01. osmotic potential. When we plotted injury versus estimated dehydration over a range of temperatures for all sample dates, we observed a linear response (Fig. 2) . The theoretical line determined from regression analysis predicted that freezing injury began at about 43% dehydration, reached 100% lethality at 75% dehydration, and the LT50 occurred at 59.5% dehydration. This finding is consistent with a prior finding that citrus leaves could tolerate a drought-induced reduction in tissue hydration of approaching 50% and survive upon rehydration (33) . The close similarity between the overall mean from in Figure 2 supports an osmotic adjustment hypothesis for the minimal changes in freezing tolerance offield-grown trees. Since all dehydration estimates were based on the osmotic potential of total tissue expressed sap, we recognize that the calculated dehydration is probably greater than truly exists in the tissue because of the 10 to 20% dilution of the cell sap by the more dilute extracellular solution (15, 28) . If we adjust for the dilution of the cell sap, the calculated dehydration at the LT5o was comparable to the cellular dysfunction previously determined by NMR techniques (1) . In contrast to the cellular dehydration at the LT5o, the amounts of frozen water and liquid water at the LT50 were more variable (frozen water ranged from 0.87 to 1.32 g/g dry weight tissue; LT ranged from 0.53 to 0.95 g/g dry weight). The amount of frozen water, at the LT50, showed no seasonal variation. During winter, liquid water (LT) at the killing point was lower than in other seasons of the year (Table II) . However, it would seem that the lower tissue water content during the winter could explain the lower LT values.
When young greenhouse-grown trees (valencia orange on trifoliata rootstock) were cold acclimated at a constant 10°C for 4 weeks, the osmotic potential and freezing tolerance of the leaf tissue increased when compared to trees kept in the greenhouse (Tables III and IV) . The increase in osmotic potential was almost identical to that observed in the leaves of field-grown trees (Table I) , but the increase in freezing tolerance was greater, by almost 3C. Calculation of the cellular dehydration for nonacclimated leaf tissue yielded a value in agreement with those calculated for leaf tissue from the field (Table II) . Surprisingly, the cold-acclimated leaf tissue exhibited a greater dehydration at the LT50, which suggested a marked change in the cell's tolerance to freezing induced dehydration. In a second group of experiments with Table Ill (Tables V and VI ). In the second set of experiments, two differences were observed that were not seen in the field and other growth chamber studies (Tables I-IV) .
The xylem water potential ofcold-acclimated leaves was much lower than leaves from greenhouse-grown trees, indicating that cold acclimation at 10°C had caused a water deficit, but this appeared to have no effect on the cellular dehydration at the LT50. Decreased leaf xylem potentials in citrus in response to low temperatures has been documented (30) . Since the rootstock of the second set of experiments was different from that used in the first experiments, it is possible that the extended low temperature treatment was preventing the koethin rootstock from meeting the transpirational needs of the scion resulting in the development of a mild water deficit.
There was no visual evidence that a water deficit existed during this experiment and this was supported by the estimated turgor pressure which was only slightly less than nonacclimated leaves. What was more puzzling was the high dehydration (69%) at the LT5o for nonacclimated leaves. Regarding this anomaly, three explanations seem likely. First, the determined LTso or the osmotic potential values were too low. In either case, a greater than expected dehydration estimate would result and the calculated dehydration in this set of experiments for nonacclimated leaves would be erroneous. Second, the anomalous value resulted from a deviation from nonideal freezing of the leaf tissue producing a value of dehydration different from all other estimated cellular dehydrations. Third, a very mild water stress caused an increase in freezing tolerance through either less ice formation or by a drought-induced adaptive response. We favor the last explanation because it has been well established that drought stress of citrus leaf tissue could increase freezing tolerance (33) . The most unexpected outcome from the controlled environment studies was the larger change in cellular dehydration sensitivity ofcold-acclimated citrus leaves. We suspected from the field study results that it might be possible to explain the relatively limited capacity of citrus leaves to tolerate freezing by invoking an osmotic adjustment hypothesis. However, the results of the controlled environment experiments, clearly argued against a mechanism based only on an osmotic adjustment hypothesis. This finding is not the first demonstration of increased tolerance to cellular dehydration, Levitt (17) clearly showed that cold-acclimated cabbage leaves contained about 4 times less liquid water at the killing temperature as did nonacclimated leaves.
For additional comparisons, we tested the sensitivity of spinach and petunia to freezing induced dehydration before and after cold acclimation. We measured the osmotic and water potentials of the leaves of spinach seedlings during cold acclimation at 5°C and deacclimation at 25°C and petunia seedlings before and after cold acclimation. Spinach cold acclimated at 5C attained a hardiness of about -12°C (1 1), while petunia increased hardiness by only 1°C during cold acclimation at 5°C for 7 d. The cellular dehydration tolerated by spinach and petunia leaves was found to be much greater than that tolerated by citrus (Table VII) . The estimated cellular dehydration of nonacclimated spinach leaves at the LT50 ing sugars, glucose and fructose, increased during the winter % Dehydration at 69 ND 74 ND to reach a concentration about twice that ofthe summer levels LT50 (Table I ). In the controlled environment studies, the tempera Not determined. ature conditions were optimal for cold acclimation and the accumulation of soluble sugars was found to be much greater was almost 86% and for cold-acclimated leaves after 14 d at (Table V) . Sucrose increased by threefold and glucose + 5°C cellular dehydration was above 93%. Only on d 1 of cold fructose increased by about fourfold. The concentrations of acclimation did an osmotic adjustment appear to occur in sucrose and total sugars have previously been shown to be spinach. In contrast, the dehydration sensitivities of nonacclihighly correlated with freezing tolerance in controlled envimated and cold acclimated petunia were the same 89%, which ronment studies of citrus (13, 35 0.5 mg/g dry weight in summer to 10.0 ± 0.9 mg/g dry weight in winter), while accumulation during cold acclimation in controlled environments can be as high as sixfold, exceeding 18.0 mg/g dry weight (32) . In order to change the dehydration sensitivity of a cell, cryoprotectants like sucrose and proline may function in a noncolligative fashion. Work with chloroplast membranes has provided evidence that sugars, including sucrose, confer a limited noncolligative protection against freeze dehydration (25, 26) . Recently, work by Rudolph and Crowe (24) has shown that the cryoprotectants proline and trehalose may stabilize membrane vesicles during freeze dehydration. The stabilization of membranes by trehalose is postulated to result from hydrogen-bonding to the hydration shell in the head group region of phospholipids (5) which prevents damaging dehydration induced membrane structural changes (6) . More recent evidence (7) has shown sucrose to be about 80% as effective as trehalose in stabilizing unilamellar liposome vesicles during freeze dehydration and rehydration. It is now well established that freezing induced cellular dehydration results in the formation of lamellar-to-hexagonal and lateral phase transitions in the plasmalemma of plant cells (8) . It is possible that accumulation of low-mol wt cryoprotectants like sucrose and proline help to stabilize the plasmalemma against these dehydration induced changes and therefore increase freezing tolerance in a noncolligative mechanism. Furthermore, the disaccharides trehalose, maltose, and sucrose were shown to stabilize rabbit phosphofructokinase during freeze-drying and prevent irreversible inactivation ofthe enzyme (2) . About 200 mm sucrose was needed to achieve maximum stabilization of the enzyme. Accumulation of sucrose during controlled environment cold acclimation in citrus leaves may have produced comparable concentrations, thereby stabilizing freezedehydration labile proteins, which in turn, may have increased tolerance to freeze-dehydration stress. Thus, the accumulation of sucrose, reducing sugars, proline, and polyamines during the controlled environment cold acclimation of citrus may result in a noncolligative stabilization of cellular membranes and proteins that leads to the observed increase in tolerance to cellular dehydration.
In summary, leaves offield-grown citrus have lower osmotic potentials, lower water content, and higher soluble sugar concentrations during the winter. The lower water content, which was not the result of an apparent water stress, when coupled with the increased concentrations of soluble sugars accounted for the lower osmotic potentials during the winter. The decreased osmotic potential represents a seasonal osmotic adjustment that has only a minor influence on leaf freezing tolerance. Increased freezing tolerance of citrus and spinach leaf tissue following cold acclimation under optimal conditions cannot be explained solely on the basis of an osmotic adjustment, but results from a noncolligative mechanism.
